Abstract-Assessment of the functionality of tissue engineered cartilage constructs is hampered by the lack of correlation between global measurements of extra cellular matrix constituents and the global mechanical properties. Based on patterns of matrix deposition around individual cells, it has been hypothesized previously, that mechanical functionality arises when contact occurs between zones of matrix associated with individual cells. The objective of this study is to determine whether the local distribution of newly synthesized extracellular matrix components contributes to the evolution of the mechanical properties of tissue engineered cartilage constructs. A computational homogenization approach was adopted, based on the concept of a periodic representative volume element. Local transport and immobilization of newly synthesized matrix components were described. Mechanical properties were taken dependent on the local matrix concentration and subsequently the global aggregate modulus and hydraulic permeability were derived. The transport parameters were varied to assess the effect of the evolving matrix distribution during culture. The results indicate that the overall stiffness and permeability are to a large extent insensitive to differences in local matrix distribution. This emphasizes the need for caution in the visual interpretation of tissue functionality from histology and underlines the importance of complementary measurements of the matrix's intrinsic molecular organization.
INTRODUCTION
Articular cartilage has only a limited capacity for repair after damage. Current therapies aimed at aiding the natural repair process yield inconsistent, often unsatisfactory long-term results. 30 Tissue engineering of cartilage can be used to study the process of cartilage formation in a controlled in vitro environment and can potentially provide transplant material for cartilage reconstruction. 18 A prerequisite for clinical use is that a cultured cartilage construct meets, or has the capacity to adapt to, in-vivo functional requirements. 8 The construct's mechanical properties can be modulated by adjusting the parameters that define the culture environment, such as scaffold material, 25 hydrodynamic conditions, 36, 59 mechanical loading, 5,37,39 addition of growthfactors, 37, 44 cell seeding density and nutrition. 40 Although it has been shown that mechanical properties which approach those of natural cartilage can be obtained after long term culture, 17 there is still a lack of control over the functional development of tissue engineered constructs.
The general concept is that natural cartilage derives its resistance to mechanical loading from a fibrous network consisting mainly of collagen type II, which is prestressed due to the osmotic or electrostatic swelling pressure exerted by a high concentration of negatively charged glycosaminoglycans (GAG's), immobilized in the form of large proteoglycan (PG) aggregates. 1, 6, 24, 41 Based on this relation between the molecular composition and function of natural cartilage, the most frequently measured quantities in tissue engineering experiments are the collagen and GAG content. However, even though the presence of these molecular components is prerequisite, their amount does not fully determine the construct's global mechanical properties. Besides collagen and PG's, cartilage contains also noncollagenous proteins such as for example link protein which play a role in the functional assembly of the extracellular matrix. 24, 41 Significant differences in the Poisson's ratio have been found between calf and adult bovine cartilage, which had equal collagen content. This discrepancy could be attributed to the difference in crosslink density, which determines to a large extent the functionality of the collagen network. 63 Moreover natural cartilage displays a highly organized zonal structure with different molecular composition, fibril diameter and organization. The anisotropic collagen fiber orientation ranges from perpendicular at the bone interface to parallel to the cartilage surface near the joint cavity. Within these zones a structural distinction can be made between a thin layer of pericellular matrix surrounding the cells, the territorial matrix farther away and the interterritorial matrix, which connects the regions of cell associated matrix. In cartilage tissue engineering the extracellular matrix (ECM) formed by chondrocytes within an artificial scaffold is initially less organized. Newly synthesized matrix molecules like procollagen and PG's are secreted by the cells and transported away while undergoing an assembly process to form fibers and large immobilized molecular aggregates. 15, 41, 47, 51, 56 In addition the thus formed extracellular matrix is also subject to physical, chemical and chondrocyte mediated degradation, leading to a constant matrix remodeling. 10, 50, 53 In the course of time the construct's collagen and proteoglycan content can approach a steady state, 16 resulting from a balance between synthesis, incorporation and degradation and/or product inhibited synthesis. 23, 43, 62 The relation between the content of extracellular matrix constituents and biomechanical function has been investigated in various studies. For mature natural cartilage the aggregate modulus has been correlated to GAG content primarily 12, 41, 58 and to both GAG and collagen density. 49 For the hydraulic permeability an inverse relationship with fixed charge density, i.e. PG content, has been demonstrated, 34 on the other hand also no significant dependence has been found. 49 For developing articular cartilage, relationships for the aggregate modulus and permeability as a function of GAG and collagen concentration have been established. 61 It was concluded that changes in biomechanical properties during development were primarily associated with the increase in collagen content. In tissue engineering studies the aggregate -and Young's moduli and permeability of chondrocyte seeded constructs have been correlated with the amount of GAG, collagen and water present. 9, 38, 59 A strong dependence of the stiffness on either collagen 38 or GAG was observed. 9, 59 Although the relations between tissue averaged ECM content and mechanical properties are highly instructive, the introduction of additional parameters is necessary to account for the variability in regression slope and large amount of scatter in the data. Besides difference in the molecular organization such as crosslinking, part of this variability may arise from the fact that only tissue averaged quantities were considered, while clear gradients in matrix deposition can occur between the construct's periphery and center. 35 Another factor, which has received relatively little attention, is that also the local, cell scale, matrix distribution potentially plays an important role. Patterns of matrix deposition around individual cells in agarose have been quantified and observed to spread outwards in time. 5, 37, 47 It has been hypothesized that mechanical functionality arises when contact occurs between zones of matrix associated with individual cells. 5, 37, 40, 47 In addition it has been speculated that one of the mechanisms by which dynamic loading could contribute to improved mechanical functionality is the dispersion of matrix constituents by compression induced fluid flow, leading to a local matrix redistribution. 37, 46 The main question is whether assessment of tissue functionality from the main ECM constituents requires in the first place additional information about the local matrix distribution from histology, or complementary global measurements of molecular organization. Therefore the objective of this study is to determine whether the local distribution of newly synthesized extracellular matrix contributes to the evolution of the global mechanical properties of tissue engineered cartilage constructs, in particular the aggregate modulus Ha and hydraulic permeability K . More specifically, if mechanical functionality arises as a result of contact between zones of cell associated matrix, a relatively sudden increase in stiffness at a certain point in time during culture is to be expected. Also, if mechanically induced matrix redistribution can improve tissue functionality, the same amount of matrix with the same properties, only distributed more homogeneously, should give rise to a significant improvement of the mechanical properties. To answer these questions a computational approach is particularly useful, since it enables to distinguish matrix distribution from other important factors that affect functionality, such as for example in the case of dynamic compression, an increase in the amount of matrix synthesized and the production of more link molecules. 7, 14, 32, 37 
METHODS
A finite element homogenization approach based on the concept of a periodic representative volume element (RVE) was adopted. 2, 29, 55 The global material behavior can be captured by modeling only a limited, but sufficiently large part of an inhomogeneous microstructure, in which the microstructural components can be considered as a continuum. Local cellular ECM synthesis and passive transport were modeled. The local stiffness and permeability were adjusted according to the amount of ECM present. Subsequently the averaged, global, material properties Ha and K were derived. The transport parameters were varied to assess the effect of the evolving matrix distribution during culture.
The RVE geometry is based on the case of 2% agarose seeded with 10 million cells cm −3 . 37 To allow for representative cellular structures, a two dimensional cross sectional area of 200 µm squared is considered. Assuming the cells are stacked in the in-plane dimension, the rounded number of cells in this area is 19 and the interlayer spacing is 46.4 µm. Cells are randomly placed and the cell size is set to 10 µm. 22, 33 An example of an RVE is shown in Fig. 1 (a). The mesh was generated using the MATLAB PDE toolbox v1.0.3.
To describe the process of tissue formation at the cellular scale, a model was adopted which was initially proposed by Dimicco to interpret the spatially varying matrix distribution in articular cartilage at the tissue scale. 15 It is assumed that transport of newly synthesized matrix components can be described by a process of diffusion, binding and degradation. 15 No distinction is made between collagen and proteoglycans. Only a mobile matrix component c m and an immobilized, bound, matrix component c b are distinguished. Transport of the mobile ECM concentration c m [g cm −3 ] is described by Eq. (1):
where 
in which the first term in the right hand side is the matrix assembly term from Eq. (1). The second term accounts for matrix catabolism, where
is the degradation constant which determines the matrix turnover speed. It was assumed that degraded matrix molecules are no longer able to bind again. In case of proteoglycan aggregates, cleavage by matrix metalloproteinases and aggrecanases results in aggrecan fragments that cannot reattach due to the missing link protein. 10, 15, 50 For the reference binding k 15 were adopted, which were derived based on proteoglycans in cartilage:
To evaluate the sensitivity, also variations of these parameters were carried out. The diffusion coefficient D of aggregating proteoglycans in solution lies in the order of 10 −8 -10 −9 cm 2 s −1 . 13, 19, 20 The reference diffusion coefficient D ref was set to 10 −10 cm 2 s −1 since molecular movement will be severely hindered by the gel, given the hydrodynamic radius of a proteoglycan subunit of 54-80 nm 13 and the estimated pore size of 2% agarose 124-206 nm. 45 To 40 the percentage wet weight GAG and collagen were pooled and a construct density of 1 g cm −3 was assumed (natural cartilage: 1.15 g cm −3 ). 16 Note that the value for q cell is an underestimate, since it was based on matrix accumulation data in the construct and did not account for matrix molecules lost to the medium.
To evaluate the functional properties resulting from matrix accumulation, the chondrocyte seeded construct was modeled as a porous medium, assuming linear elasticity. Hooke's law in confined compression is given by Eq. (3):
where Q [m s 
where Ha 0 is the scaffold aggregate modulus and A Ha the proportionality constant with c b . 38, 49, 59, 61 and the GAG to collagen synthesis ratio from the case considered for q, see above. 40 The lower value of A Ha = 2.2 MPa cm 3 g −1 was used, which was derived for agarose culture, 38 reflecting a lower degree of molecular ECM organization than mature tissue. Since the global effective stiffness can underestimate the local stiffness, depending on the local distribution, also A Ha = 5 MPa cm 3 21 For the Poisson's ratio ν of the matrix and scaffold a value of 0.1 was used, based on fetal and calf cartilage. 63 The experimental variability in cell properties has only a limited effect on the effective global modulus and permeability. 64 Therefore the cell properties were kept constant at the following values: Ha = 1 kPa , K = 10 
22,26
The finite element package SEPRAN was employed for the numerical implementation. 54 The transport problem Eq. (1) and (2) was solved for a period of 56 days. Matrix synthesis was prescribed as a line-source on the cell edge, assuming an RVE thickness equal to the in-plane cell stacking distance. No transport within the cells was considered. Periodical boundary conditions were applied for the concentration on the RVE edges. 6-Node triangular elements and Crank-Nicholson time integration with a time step of 8 h were used. For the elasticity problem plane strain, linear elastic, 3-node triangular elements were used. The Darcy problem was solved employing lowest-order Raviart- Thomas mixed finite elements, 27, 57 for the resulting system of equations an iterative solver (BiCGstab) was used. Coefficients were taken constant per element and adjusted according to the element-averaged bound concentration c b .
To determine the RVE-averaged aggregate modulus a homogenization technique was adopted, which was developed by Smit in the context of a micro-macro multilevel finite element approach. 2, 29, 55 Briefly, periodical boundary conditions for the RVE edge displacements are applied. Because of these periodical boundary conditions the averaged RVE stress and deformation can be described by the displacements and forces in three RVE corner points. The averaged stiffness can then be determined via a variation expression of the averaged RVE stress, which involves the static condensation of the full RVE stiffness matrix in order to determine the relation between corner point force and displacement. The RVE averaged hydraulic permeability in the undeformed state was evaluated using Darcy's law by applying an arbitrary pressure gradient over the RVE and monitoring the resulting total edge flux. Periodical boundary conditions were prescribed for the fluid flux through the RVE edges. To account for different patterns of cell distribution, the averaged aggregate modulus and permeability were determined every two days for 5 different cell distributions in two directions ( Fig. 1(b) ). Unless explicitly stated otherwise, the reference parameters have been used.
RESULTS
A representative distribution of the bound matrix c b at t = 56 days is depicted in Fig. 2 Figure 3 shows the resulting global aggregate modulus and permeability as a function of culture time. The standard deviations in Fig. 3 , 5 and 6 are due to the averaging over the different microstructures ( Fig. 1(b) ). The homogeneous matrix distribution ( Fig. 2(a) ) results in approximately the same global functional properties (Fig. 3) as the same amount of matrix distributed more inhomogeneously ( Fig. 2(b) ). Only for the case with very localized pericellular matrix deposition (Fig. 2(c) ), the global aggregate modulus is significantly lower (Fig. 3(a) ). In addition the standard deviation increases, which is a measure of the influence of the microstructure. The global permeability however is not affected (Fig. 3(b) ). This is an unexpected result since the local flow pattern is clearly altered by zones of more intense matrix accumulation (Fig. 4) .
Increasing the influence of the bound matrix concentration on the aggregate modulus and permeability (higher A Ha and A K ) leads to generally the same observations. The global permeability however, shows more variation as a function of matrix distribution (Fig. 5) . The effect of varying the binding coefficient k b and degradation coefficient k d can be seen in Fig. 6(a)-(b) and (c) respectively. Since the effective transport distance is determined by a combination of diffusion and binding, k b has been varied to a faster binding rate of 3.4 × 10 −5 s −1 , a value corresponding to a lowest half-time of 5.7 h reported for the conversion of lowaffinity proteoglycan monomers to a form with a high binding affinity, 51 which has been assumed to be rate limiting. (Fig. 6(c) ). The dependence on the local matrix distribution remains the same however (Figs. 3(a) and 6(c) ). In general, differences in averaged permeability between the cases with different diffusion coefficients tend to be less pronounced than differences in the aggregate modulus (data not shown).
DISCUSSION
A computational homogenization approach was adopted to determine to which extent the evolution of the functional properties of tissue engineered cartilage constructs can be attributed to the microscopic distribution of newly synthesized matrix components. To assess the influence of the extracellular matrix distribution, different local distributions were considered from which global mechanical properties were derived.
The computed ECM patterns for the lower diffusion coefficients (D ref , D ref /10) were qualitatively similar to experimental distributions of proteoglycans found in agarose culture, with newly synthesized proteoglycans located primarily in the pericellular region (Fig. 2(b) and (c) ). 5, 37, 47 The collagen deposition on the other hand tends to be more homogeneous, which correspond with the D ref × 10 case (Fig. 2(a) ). 37, 47 Pericellular GAG profiles in agarose, determined by quantitative autoradiography, were of similar shape as those computed in the model. 47 Moving outwards from the cell, the sharp drop in matrix concentration found experimentally, is in accordance with a diffusion-binding model as employed in this study. Also the experimental finding that the main PG deposition occurred within 10 µm from the cell membrane corresponds very well with the reference case in Fig. 2(b) , where this distance is determined by diffusion and binding. The time course of matrix formation has been studied in alginate culture, where it has been observed that by 6 weeks multiple islands of matrix have joined together as can be seen in Fig. 2(b) for the model at 56 days. 11 At 12 weeks homogeneous GAG staining was observed which was attributed to alginate degradation. Related to this, the importance of matrix diffusivity has been demonstrated by modulating the degradation behavior of PEG hydrogels. 3 It was found that collagen II was either localized in the pericellular region or became distributed throughout the construct as a function of the hydrogel degradation properties.
In general the calculated increase in aggregate modulus Ha and decrease in permeability K are well within the range found for cartilage tissue engineering, considering the major differences in culture conditions. 5, [36] [37] [38] [39] [40] 59 Based on the distinct matrix distributions in Fig. 2(a) and (b) and the similar resulting mechanical properties in Fig. 3 , it can be concluded that the overall stiffness and permeability are to a large extent insensitive to differences in local matrix distribution. From the parameter variations in binding and degradation rate, it appears that the amount of matrix and the intrinsic assembly and turnover time of the matrix components are more important in determining the evolution of the functional properties. Therefore the redistribution of matrix components by dynamic mechanical compression may play only a limited role. Alternatively, for the same ECM content compression may also passively increase tissue properties by altering the functional organization and entanglement of the ECM network. A continuous increase in stiffness with time has been observed in several studies, 5, 11, 36 while others have found an initial increase followed by a plateau. 37, 38, 40, 48 As shown in Fig. 6 (c) a continuous increase in stiffness can simply be the result of a lack of degradation. A sudden rise in stiffness due to contact between cell associated matrix zones cannot be observed for the diffusion-binding model, indicating an important role of progressing ECM molecular organization. The results in Fig. 6(b) show that an initial lag time, followed by an increase in stiffness which gradually levels off, can be explained from a binding and degradation process without the need for a distribution related effect. However this does not mean that the diffusion of ECM does not need to be considered for cartilage tissue engineering. As shown in this study, the importance of matrix distribution will depend to a large extent on the diffusive properties of the construct. The D ref × 10 corresponds in fact to the situation in which the gel is absent, while for D ref /10 the mechanical properties are affected considerably by distribution as the matrix is very localized (Figs. 2(c) and 3(a) ).
In general, the model assumption to apply global relations between tissue constituents and stiffness at the local level will underpredict global stiffness, in case the local matrix distribution plays a role. To have an indication of the predictive value of the model, the increase in Young's modulus over 56 days ( E ∼ 40 kPa) in the case from which the matrix synthesis rate was derived, 40 was compared with the model predictions, which use a relation based on the correlation between global matrix content and aggregate modulus established in a separate study by the same group. 38 Although the predicted values ( E = 39 kPa, E = 37 kPa) for D ref × 10 and D ref corresponded very well for this specific case, no general agreement could be observed for different culture conditions and in the absence of a distribution related effect the model reduces to the global relations.
The primary objective of this study however, was not to give an accurate prediction of the evolution of the mechanical properties of a tissue engineered construct, but to isolate and assess the effect of matrix distribution. Therefore, as a clear reference, simple assumptions were made for the dependence of the functional properties on the matrix concentration and a constant matrix synthesis was assumed, neglecting any cellular regulation mechanisms. A model aiming at predicting the temporal development of the mechanical properties more precisely should include the functional interactions between the separate PG and collagen components and should take into account the time course of the synthesis of specific matrix components, which is affected by factors like mechanical stimulation, growth factors, the amount of matrix present, nutrient availability and cell proliferation. 5, 37, 40, 43, 60 For example, in contrast to the constant matrix synthesis rate assumed here, it has been demonstrated in several studies that GAG synthesis decreased as a function of time, 5, 37 while collagen production can also increase in later stages of culture. 37 To provide a clear comparison between the different matrix distribution cases only the initial, linear elastic, stiffness and undeformed permeability were compared. The relation between the local aggregate modulus Ha and the amount of ECM present was assumed to be linear based on global correlations, while for example the proteoglycan swelling pressure as a function of PG concentration and the collagen network tensile behavior are known to be highly nonlinear. 1, 6 A nonlinear increase in local stiffness as a function of ECM concentration would increase the sensitivity to the microscopic matrix distribution. The matrix distribution may also have more effect on the averaged stiffness at lower cell concentrations, since transport distances are longer. At higher cell concentrations the matrix distribution will be more homogeneous. Although the basic mechanisms remain the same, the results may be affected by the fact that only a two-dimensional RVE has been considered. In general, contact between homogeneous cylindrical zones will be stiffer than in case of spheres. In addition the probability of aligned contact is higher. On the other hand, since the same amount of matrix is distributed by diffusion in a cylindrical, respectively spherical manner, the gradients in local stiffness will be sharper for the spherical case.
In the present study it has been assumed that the diffusion coefficients remain constant during the culture period, while in reality the accumulation of ECM components can also progressively decrease the diffusivity, 4, 31, 42 leading to a more localized matrix distribution. In addition it has been shown that diffusion of proteoglycans is highly dependent on concentration. 13 The concentration consists of both mobile newly synthesized matrix molecules as well as degraded matrix molecules. However, in the model we have, as a first estimate, considered the diffusion of matrix molecules to be independent of concentration (constant D). Nonbinding degraded matrix molecules can therefore be considered as a seperate species which does not influence the transport of mobile newly synthesized matrix molecules. For this reason, transport of degraded matrix molecules was not further considered in this study. When such concentration dependency is introduced in the model also the transport of degraded matrix molecules must be included. In agarose culture it has been observed that at high concentrations matrix components not only diffuse through the gel, but that newly formed matrix which is immobilized pericellularly, can also push away the gel material. 5 To account for this the modeling approach should be extended to include volumetric growth, possibly stress free, or the results of PG swelling, in which case separate PG and collagen components need to be distinguished. 1, 28 It can be concluded that the evolution of the global permeability and aggregate modulus of tissue engineered cartilage constructs appears to a large extent insensitive to the microscopic matrix distribution. Based on this low sensitivity it is also unlikely that dispersion of matrix components by mechanical compression alone, can significantly enhance tissue properties. It has been shown however that the global stiffness can be significantly reduced in case the microscopic matrix distribution is very localized, which can occur when matrix accumulation poses increasingly severe restrictions on transport. In addition a larger sensitivity to matrix distribution cannot be excluded in case of a non-linear dependence of the local stiffness on matrix constituents. For cartilage tissue engineering the results imply that the diffusive properties of the construct will determine to a large extent whether matrix distribution becomes important. Modeling matrix deposition as a simple diffusion, binding and degradation process does not result in a sudden increase in global stiffness as a result of contact between cell associated matrix, instead the time evolution of the global aggregate modulus is dominated by the matrix's binding and degradation behavior. The present results emphasize the need for caution in the visual interpretation of tissue functionality from histology. Also, since the matrix distribution itself cannot fully explain the lack of correlation between global measurements of collagen and PG content and the mechanical properties of tissue engineered constructs, complementary global measurements of intrinsic matrix properties like crosslink density remain essential. 28 Apart from molecular organization and matrix distribution on the microscopic scale, measurements of mechanical properties may be complicated by tissue scale inhomogeneities in matrix distribution, which may be dominating measured mechanical properties.
Microscopic computational models can be used for the optimization of bioreactor culture conditions and protocols, with respect to functionality and culture time, as a function of the initial cell seeding density. Since, in principle, the time evolution of matrix deposition in relation to tissue functionality can be predicted, also the effectiveness of stimulating matrix synthesis, by growth factors and/or mechanical compression, at different times in culture can be assessed. It is also known that the presence of a pericellular matrix plays an important role in mediating the cell response to mechanical stimulation. On the other hand, the development of a pericellular matrix during culture, will gradually shield cells from externally applied deformation, 5 possibly reducing the effect of mechanical stimulation protocols. Model predictions of the local cell deformation can be used to adjust the level of global deformation necessary to achieve optimal stimulation. Apart from tissue engineering protocols, model applications lie also in the optimization of, possibly larger pore, scaffolds in relation to matrix deposition. In cartilage explants compression has been shown to introduce direction dependent matrix deposition at the cellular level. 46 Since effects of compression induced direction dependent diffusion, convective transport and cell alignment may be readily incorporated, the computational approach adopted in the present study may prove especially useful to study and modulate the development of anisotropy in tissue engineered constructs.
